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Eastern Boundary Current Systems

© Brooks/Cole – Thomson, 2005.



Coastal upwelling

There are four major coastal upwelling regions:

From Capone 
and Hutchins, 
2013.



Coastal upwelling

Coastal upwelling occurs when wind blows along
the coast, causing surface waters to be displaced
offshore and replaced by deeper waters:



Coastal upwelling

Coastal upwelling regions are « hot spots » of
biological activity and are typically considered as
large marine ecosystems.
These regions represent ~ 1% of the global ocean’s
area, but amount to over 20% of the global
fisheries catch.
They are associated with the Eastern Boundary
Current Systems, and we will focus on the California
Current System in this study.



Geography of the CCS

The California Current
System (CCS) 
encompasses the 
California State and 
extends from 50ºN to 
20ºN, and offshore to 
135ºW. It is often
divided into three
regions: northern, 
central and southern
CCS.

1.3.2. Process studies
The Coastal Upwelling Ecosystem Analysis (CUEA) program

(Huyer, 1976) investigated the physical basis and biological effects
of upwelling. The Coastal Ocean Dynamics Experiment (CODE) fo-
cused on the physics of the coastal ocean (references in Hickey,
1998). The Coastal Transition Zone (CTZ) program investigated
processes bridging the coastal and oceanic domains (Brink and
Cowles, 1991). The Partnership for Interdisciplinary Studies of
Coastal Oceans (PISCO, http://www.piscoweb.org/) focuses on di-
verse processes in the nearshore and coastal ocean. The Global
Ocean Ecosystems (GLOBEC) program of the NE Pacific has investi-
gated the biological oceanography of the CCS, with an emphasis on
processes affecting higher-trophic levels (http://glo-
bec.oce.orst.edu/). The California Current Ecosystem Long-Term
Ecological Research (CCE LTER) program augments CalCOFI moni-
toring with process studies in the southern CCS (http://cce.lter-
net.edu/). The Coastal Ocean Processes (CoOP) program has
focused on air–sea interactions and the influence of winds and riv-
er input on the functioning of coastal upwelling ecosystems
(http://skio.usg.edu/Skioresearch/coop/).

1.4. Organization of this paper

We present our overview of selected processes and patterns in
the CCS. We cite primarily the published literature, emphasizing
certain processes, particularly upwelling and related phenomena.
We first consider the ‘simplified case’ of a linear coast and constant

forcing. We then consider variability in space and time. In each
case, we first present physical forcing then biological responses.
We conclude with remarks about recent, ongoing, and future
change.

2. Simplified case

2.1. Atmospheric forcing

The CCS is forced by large-scale winds associated with the
North Pacific High, the Aleutian Low, and the thermal low-pressure
system from central California to northern Mexico (Fig. 2). In win-
ter, the atmospheric pressure pattern is dominated by a strong
Aleutian Low (Fig. 2a), the lower limb of which directs storms into
northern California and the Pacific Northwest, and a weak North
Pacific High. In summer, the North Pacific High strengthens and
the continental low deepens so that east–west pressure gradients
drive strong equatorward winds in geostrophic balance (Fig. 2b).
South of about Cape Mendocino, alongshore winds are persistently
equatorward and upwelling favorable, while to the north, winds
are northward and downwelling favorable in winter (Huyer,
1983; Fig. 3). In addition to seasonal and alongshore differences
in winds, there are east–west differences in the strength of the
summertime, equatorward winds. As evident in recent, high spa-
tial-resolution satellite-derived winds, equatorward winds are
weaker nearshore, leading to positive wind-stress curl nearshore
and negative curl offshore (Fig. 2c).
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Fig. 1. Map of the California Current System. Major regions, currents, and geographic features are shown. The California Current derives from both the North Pacific Current,
to the north, and the coastal jet, to the east (after Checkley et al., 2009b).

50 D.M. Checkley Jr., J.A. Barth / Progress in Oceanography 83 (2009) 49–64

From Checkley and Barth, 2009.



SST fronts

• Fronts are narrow boundaries
between water masses of 
different properties.
• Sea surface temperature (SST) 

fronts separate water masses 
with different SST.
• SST upwelling fronts are due to 

the contrasting temperatures of 
the upwelled (cold) waters and 
of the surface (warm) waters.

Courtesy of E. Armstrong, JPL



Northern CCS

Spring to Fall (i.e. coastal upwelling
favorable). Over that period, a narrow
and fast coastal upwelling jet develops.
Fronts are typically found at the edge
of the jet.

NASA Earth Observatory

Fig. 2. Average atmospheric pressure at sea level for (a) January and (b) July (after Huyer, 1983). (c) Summertime (June–September) average wind-stress curl estimated from
satellite-derived winds (after Risien and Chelton, 2008).

Fig. 3. Winds and sea-surface temperature in the California Current System (CCS). (a) Seasonal variation of alongshore winds in three regions of the CCS; (b) sea-surface
temperature from August, 2000; (c) variability of wind forcing as a function of latitude (following Huyer, 1983).

D.M. Checkley Jr., J.A. Barth / Progress in Oceanography 83 (2009) 49–64 51

In the northern CCS,
winds have a sea-
sonal pattern and are
equatorward from



Central CCS
The peak of the season is in July. The
coastal jet flows from the northern CCS and
meanders: mesoscale eddies are formed
past the Capes, and propagate offshore.

Fig. 2. Average atmospheric pressure at sea level for (a) January and (b) July (after Huyer, 1983). (c) Summertime (June–September) average wind-stress curl estimated from
satellite-derived winds (after Risien and Chelton, 2008).

Fig. 3. Winds and sea-surface temperature in the California Current System (CCS). (a) Seasonal variation of alongshore winds in three regions of the CCS; (b) sea-surface
temperature from August, 2000; (c) variability of wind forcing as a function of latitude (following Huyer, 1983).

D.M. Checkley Jr., J.A. Barth / Progress in Oceanography 83 (2009) 49–64 51



Central CCS
During the upwelling 
season, cold nutrient-
rich waters are brought
up to the surface, 
resulting in plankton
blooms visible from
space. The mesoscale
eddies stir the upwelled
waters to form long cold 
filaments (upwelling 
fronts).

NASA



Southern CCS

Despite upwelling-
favorable winds year-
round, the winds’ intensity
is much lower in the 
region, and coastal
upwelling is observed in 
very localized areas.

Fig. 2. Average atmospheric pressure at sea level for (a) January and (b) July (after Huyer, 1983). (c) Summertime (June–September) average wind-stress curl estimated from
satellite-derived winds (after Risien and Chelton, 2008).

Fig. 3. Winds and sea-surface temperature in the California Current System (CCS). (a) Seasonal variation of alongshore winds in three regions of the CCS; (b) sea-surface
temperature from August, 2000; (c) variability of wind forcing as a function of latitude (following Huyer, 1983).

D.M. Checkley Jr., J.A. Barth / Progress in Oceanography 83 (2009) 49–64 51

NASA



Satellite observations
Altimetry and SST data were combined into
monthly composite maps from 1993 to 2011:
• Monthly mean Sea Level Anomalies (SLA), from CMEMS
• Monthly aggregate of the SST fronts location, as

detected by the Cayula-Cornillon algorithm applied to
Pathfinder AVHRR



Satellite observations
SST fronts are 
typically found at 
the periphery of 
the mesoscale
eddies. However, 
SST fronts were
sometimes
observed crossing
geostrophic
contours, 
especially in late
Summer/Fall.



Motivation

In the CCS, coastal upwelling occurs from Spring to 
Fall, mostly in the northern and central CCS. 
However, SST fronts are observed throughout the 
CCS, in particular after the coastal upwelling 
season, in the southern CCS.

This study=
Investigating the nature of the SST fronts found in 

the CCS outside of the coastal upwelling context.



Frontogenesis theory
The classical theory
introduces
horizontal 
convergence and 
horizontal shear as 
mechanisms for 
producing strain.  
The strain sharpens
anomalies into
strong gradients 
(fronts). 

From Hoskins, 1982.



Frontogenesis theory
As the lateral gradients
sharpen, the thermal
wind balance is lost. A
secondary, ageostrophic
circulation occurs in the
cross-frontal (vertical)
direction in order to
restore the balance. The
stronger the gradient,
the larger the vertical
velocities.

From Hoskins, 1982.

From Capet et al., 2008.



Frontogenesis theory

High strain regions are
found at the periphery
of mesoscale eddies,
where SST fronts are
also observed.

NASA



High resolution simulation

We use the MIT General Circulation Model (MITgcm) 
at a resolution of 1/48º to analyze the SST fronts in 
the CCS. First, we look at the in-situ fields measured
by Argo vs the simulated fields:



SST fronts detection in the model

∇ 𝑆𝑆𝑇 was computed over the whole CCS. The
algorithm then searched for the peaks of local
maximum: when the peaks had a relative height of
at least 0.5ºC/km, their location was saved for
further analysis.



SST fronts – LLC4320

In the central CCS, we look at the SST and the SST 
fronts around the peak of the upwelling season, and 
in Fall when the season is almost over. 



SST fronts – LLC4320

The cooler SST 
indicates upwelled, 
colder waters at the 
coast (~12ºC). Small 
fronts are seen in the 
cold region, as well as 
longer « stretched » 
fronts offshore (cold 
filaments).



SST fronts – LLC4320

In the southern CCS, despite little to no sign of coastal
upwelling, fronts are present, mostly similar to SST 
filaments found in the central CCS in aspect. 



Density gradients – LLC4320

When deep waters are upwelled, a contrast of density
appears at the ocean’s surface, and density fronts are 
formed. In the ocean, density is a function of tempe-
rature, salinity and pressure; and density fronts are 
often associated with SST fronts. 



Vertical velocities – LLC4320

SST upwelling fronts 
are characterized by 
large vertical 
velocities (~10-
20m/day). W was
taken at 20m depth in 
the whole CCS for the 
months of July and 
October, which
reveals distinct 
patterns in the central 
and southern CCS.



Strain - LLC 4320
We derived the strain field from the horizontal velocities U and V:
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LLC 4320 findings

Central CCS
SST fronts
Coinciding density fronts

Strong vertical velocities
Large lateral strain

Southern CCS
SST fronts
Fewer density fronts

Weak vertical velocities
Small lateral strain

Then, what is causing the SST fronts to appear in the 
southern CCS?



Water masses

There are three major water masses present at the 
surface in the CCS: 1) the Subarctic Waters, 2) the 
Subtropical Waters, and 3) the Tropical Waters. 
These waters with distinct properties and origins 
converge in southern CCS, to meet near Baja California 
in Summer and Fall.
We suggest that the water masses convergence off 
Baja California may impact the fronts in the region.



Water masses

From Durazo, 2015.



Thermohaline compensation

Why are there fewer density fronts in the southern CCS? 
à At the ocean’s surface, density is a function of temperature 
and salinity. However, both variables have opposite effects on 
density: 
• When T increases, r decreases (lighter seawater)
• When S increases, r increases (heavier seawater)

à Temperature (thermo-) and salinity (haline) can compensate 
each other, and cancel density variations out at the ocean’s 
surface.



Thermohaline compensation

To quantify thermohaline compensation, we define 
the compensation index:

Ci = 103 * 𝛼
|∇ 𝑆𝑆𝑇 |
|∇ρ|

• Ci >>1 : strong compensation and no density fronts, 
• Ci ~1 : no compensation, both SST fronts and density 

fronts are aligned.



Thermohaline compensation



Thermohaline compensation

Compensation is not a binary process, rather it ranges 
on a spectrum from full compensation to no 
compensation at all, depending on Ci values:

No compensation Partial compensation Full compensation



Thermohaline compensation

Looking at vertical sections of fronts for each case, we 
see that the contours of density and temperature vary:



Summary

SST fronts in the southern CCS are associated to  
processes distinct from coastal upwelling, observed 
in the northern and central CCS.
Through high resolution simulations, frontal 
dynamics were explored in a region where limited in-
situ observations have been reported: some SST 
fronts found off Baja California are found to be 
compensated, and behave as passive fronts, being 
advected by the background flow.



Thank you!


